Gelatin is a collagen-containing thermohydrolytic substance commonly incorporated in cosmetic and pharmaceutical products. This study investigated the antioxidant activity of gelatin by using different reagents, such as 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,2-di (4-tert-octylphenyl)-1-picrylhydrazyl (DPPH), and oxygen radical absorbance capacity-fluorescein (ORAC-FL) in a porcine gelatin hydrolysate obtained using gastrointestinal enzymes. Electrophoretic analysis of the gelatin hydrolysis products showed extensive degradation by pepsin and pancreatin, resulting in an increase in the peptide concentration (12.1 mg/mL). Antioxidant activity, as measured by ABTS, exhibited the highest values after 48-h incubation with pancreatin treatment after pepsin digestion. Similar effects were observed at 48 h incubation, that is, 61.5% for the DPPH assay and 69.3% for the ABTS assay. However, the gallic acid equivalent (GE) at 48 h was 87.8 µM, whereas 14.5 µM GE was obtained using the ABTS and DPPH assays, indicating about sixfold increase. In the ORAC-FL assay, antioxidant activity corresponding to 45.7 µM of trolox equivalent was found in the gelatin hydrolysate after 24 h hydrolysis with pancreatin treatment after pepsin digestion, whereas this activity decreased at 48 h. These antioxidant assay results showed that digestion of gelatin by gastrointestinal enzymes prevents oxidative damage.
Introduction
Several studies have shown that reactive oxygen species and free radicals cause a wide range of conditions such as cancer, DNA damage, diabetes, inflammation, cardiovascular diseases due to hypertension, allergies, and aging (Calabrese et al., 2005; Je et al., 2004; Kullisaar et al., 2003) . Artificial antioxidants such as butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) have been used to preserve food products by delaying discoloration and deterioration due to oxidation (Li et al., 2007) . However, the use of antioxidants as food additives has been limited due to their potential health hazards (Becker, 1993; Giménez et al., 2009) , and the defence systems of organisms are generally incapable of preventing oxidative damage (Kullisaar et al., 2003) . Thus, natural antioxidants in food should be screened to prevent development of disease and to reduce free radical activity and oxidative stress (Giménez et al., 2009) .
Gelatin is a water-soluble protein compound obtained from thermohydrolysis of collagen. It is also an essential protein component of the body, as well as a common ingredient in various cosmetic and pharmaceutical products. Two types of gelatin are commonly produced, based on the pretreatment procedure employed. Type-A gelatin is derived by acidic hydrolysis of porcine skin, whereas type-B gelatin is generated by basic hydrolysis of cattle bone and cattle hide. Type-A gelatin production involves pretreatment within a pH range of 3.8-6.0 and a pHi range of 6-8, and type-B gelatin production involves pretreatment within a pH range of 5.7-7.4 and a pH range of 4.7-5.3 (Singh et al., 2002) .
The protein content in gelatin mainly consists of glycine (25.5%), proline (18.0%), and hydroxyproline (14.1%) . The protein sequence is composed of a triplet peptide, which is glycine-X-Y, in which X is predominantly a proline residue and Y is usually a hydroxyproline residue (Cole, 2000) . Except for elastin, which occurs at very low concentrations, gelatin usually contains the hydroxyproline residue.
A recent study has shown that gelatin is used in food processing as an emulsifier, foaming agent, colloid stabilizer, biodegradable film-forming material, and microencapsulating agent (Gómez-Guillén et al., 2011). An increasing number of studies have described the use of bioactive peptides from food proteins such as milk proteins, casein and whey Collagen is difficult to hydrolyze using most proteases and thus requires the action of collagenases for its enzymatic hydrolysis. However, gelatin is more susceptible to most proteases, such as trypsin, chymotrypsin, pepsin, alcalase, properase E, pronase, bromelain, and papain (Cole Among the gelatin sources, we chose porcine skin gelatin for study based on its high gelatin content (46%); gastrointestinal enzymes were used as proteases for digestion. Thus, the objective of the present study was to investigate the antioxidant properties of porcine gelatin hydrolysate obtained using gastrointestinal enzymes.
Materials and Methods

Reagents and materials
Chemical reagents and molecules such as 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, A1888), 2,2-di (4-tert-octylphenyl)-1-picrylhydrazyl (DPPH, D9132), gallic acid, and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were purchased from Sigma Aldrich (USA). Gastrointestinal enzymes such as pepsin and pancreatin (P-1750, containing trypsin, amylase and lipase) were also procured from Sigma Aldrich (USA). Oxygen radical absorbance capacity-fluorescein (ORAC-FL) was obtained from Cell Biolabs, Inc. (USA). The other chemicals used in this study were of analytical grade. Gelatin was provided by Geltech Co. Ltd. (Korea).
Electrophoresis
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as previously described by Chang et al. (2013b) , using a 5% acrylamide stacking gel and 15% acrylamide separating gel. After migration, the gel was stained and destained by previously described method (Chang et al., 2012) Gelatin hydrolysis Gelatin was provided by Geltech Co. Ltd, (Korea) and directly utilized for hydrolysis by gastrointestinal enzymes such as pepsin and pancreatin. The gelatin substrate was prepared at a concentration of 5 mg/mL in distilled water. The enzyme used in this study included 0.1 N HCl for pepsin (pH 2.0) and 50 mM sodium phosphate buffer (pH 8.0) for pancreatin. The enzyme to substrate ratios were 1/1 for pepsin and 1/5 for pancreatin. The gelatin was first treated with pepsin for 3 h and then subsequently digested by pancreatin for 24 h and 48 h. The reaction mixtures were incubated at 37 o C. The hydrolysis reaction was terminated by immersing the reaction mixture in boiling water for 5 min. An aliquot was immediately retrieved at each incubation time (3 h for pepsin and 24 and 48 h for pancreatin). Samples were filtrated through 0.45-µm filters (GE Healthcare, Pittsburgh, PA, USA) and stored at -20 o C.
Peptide quantification
To measure peptide content, we used a previously described method (Cho, 2009; Church et al., 1983; Frister et al., 1988; Minervini et al., 2003) involving ortho-phtalaldehyde (OPA, Sigma, USA), with a slight modification. The OPA solution contained dithiothreitol (DTT; Sigma, USA) dissolved in ethanol. The sodium tetraborate decahydrate buffer (100 mM final concentration) containing 0.2 g of SDS was prepared in 150 mL of distilled water. The 2 solutions were mixed, and the final volume of the solution was adjusted to 200 mL using distilled water. Bacto tryptone (Difco, USA) at various concentrations (0.25-1.5 mg/mL) was used as a standard. Leucine (0.1 mg/mL) was selected as a control. Each 20 µL of sample was added to 200 µL of the OPA reagent in 96-well clear flat-bottomed microplate (SPL, Korea). After the reaction mixture was agitated 3 times, it was incubated at 37 o C for 3 min to accelerate the reaction involving OPA and the sample. The absorbance was measured at 340 nm by using a microplate reader (Molecular Devices, USA). All assays were carried out in triplicate.
Antioxidant activity: ABTS radical-scavenging assay
The free radical-scavenging activity of the gelatin hydrolysates was determined using the 2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS Antioxidant activity: DPPH radical-scavenging assay Another method, 2,2-di (4-tert-octylphenyl)-1-picrylhydrazyl (DPPH, Sigma-Aldrich, USA) was also used to antioxidant activity test. The DPPH assay was performed according to a previously described method (Kim et al., 2013; Madhujith et al., 2006) . The DPPH solution prepared in methanol was mixed with an equal volume of sample in a 96-well clear flat-bottomed microplate (SPL, Korea) and placed in the dark for 30 min. The absorbance was measured at 517 nm by using a microplate reader (Molecular Devices, USA). Gallic acid (Sigma-Aldrich, USA) was selected to perform a standard curve. All the assays were carried out in triplicate. The antioxidantscavenging activity of gelatin and its hydrolysates was expressed as a percent as follows: scavenging activity (%) = {1 − [(A sample − A blank ) / A control ]} × 100, in which A control represents the initial DPPH absorbance and A blank represents methanol absorbance. The radical-scavenging activity was also calculated from the equation of the standard curve based on gallic acid and expressed in terms of µmoles GE.
Antioxidant Activity: ORAC-FL assay The ORAC assay kit (Cell Biolabs, Inc., USA) based on the method by Ou et al. (2001) and Dávalos et al. (2004) was used to investigate antioxidant activity, following the manufacturer's instructions. The reaction was performed in 96-well black with clear flat-bottom polystyrene not treated microplate without lid, nonsterile (Corning, USA), using trolox (0, 2.5, 5, 10, 20, 30, 40, and 50 µM) as the standard. Twenty-five microliters of each sample was loaded into each well of the 96-well plate, followed by 150 µL of fluorescein. After the reaction mixture was mixed, it was incubated at 37 o C for 30 min. Then, 25 µL of the free radical initiator solution was added to each well by using a multichannel pipette. The plate was automatically shaken. Fluorescence was recorded using a fluorometric microplate reader (Molecular Devices, USA) at 37 o C with excitation and emission wavelengths of 480 and 520 nm, respectively, at 2-min intervals for 60 min. All the assays were conducted in triplicate. A blank assay that did not include any antioxidants was also performed. The area under the curve (AUC) was calculated for each sample and standard using the final assay values and the linear regression formula below. The AUC can be calculated using the following equation: AUC = 1 + RFU 2 / RFU 0 to RFU 60 /RFU 0 , in which RFU 0 is the relative fluorescence value at time point 0 and RFU x represents the relative fluorescence value of time point X (e.g., RFU 2 is the relative fluorescence value at 2 min). The net AUC was calculated by subtracting the blank from the AUC of each sample. The final ORAC-FL values have been expressed as micromoles of trolox equivalent (TE).
Statistical analysis
Data were analysed by ANOVA followed by Duncan's multiple range test using the Statistical Analysis System Software (SAS version 9.13, SAS Institute, Cary, NC). Significant differences were set at a 5% level (p<0.05).
Results and Discussion
Hydrolysis of gelatin obtained from pig skin collagen using gastrointestinal enzymes was accomplished using a 2-step hydrolysis reaction. The first step was hydrolysis by pepsin at pH 2 at 37 o C for 3 h, whereas the second step was the successive hydrolysis by pancreatin at pH 8 at 37 o C for 24 and 48 h. The reason selected these conditions was to apply the enough protein digestion time in gastrointestinal tract (Chang et al., 2006) . Therefore, the digestion was sufficiently carried out as that of Li et al. (2007) . These gelatin hydrolysates were used to determine the antioxidant activity using the ABTS, DPPH, and ORAC assays.
Electrophoretic pattern and peptide production of gelatin hydrolysates Electrophoresis was performed to verify the hydrolysis of gelatin with the gastrointestinal enzymes, pepsin and pancreatin. Gelatin was prepared in a 0.1% (v/v) acetic acid solution. As shown in Fig. 1 , it was degraded well by the gastrointestinal enzymes. The gelatin used in present study showed the typical type I collagen, with a molecular weight range of 45-200 kDa as previously study reported by Kim et al. (2013) . Gelatin hydrolysis with pepsin for 3 h resulted in hydrolysis of most of the protein. The gelatin was further degraded by pancreatin treatment for 24 and 48 h.
The concentration of the peptides hydrolyzed was expressed in terms of mg/mL of bactotryptone (casein hydrolysate generated by trypsin) by a standard curve equation using OPA at various concentrations. Based on the electrophoretic pattern, the peptide concentration was generally similar, despite a slight increase after pancreatin treatment, which corresponded to 7.2, 7.6, and 8.0 mg/ mL of tryptone for pepsin for 3 h, pepsin plus pancreatin treatment for 24 h and pepsin plus pancreatin treatment for 48 h, respectively (Fig. 2) . The results for the gelatin used in the present study were similar to those for porcine skin powder containing gelatin in a study by Kim et al.
(2013).
Investigation of antioxidant activity of gelatin hydrolysates
ABTS assay
The ABTS assay used in the present study for investigating the free radical-scavenging properties of gelatin hydrolysates obtained using gastrointestinal enzymes was adapted from a previously described method (Re et al., 1999) that is widely used for studying free radical-scavenging properties with respect to antioxidant activity.
The effect of radical scavenging with gelatin hydrolyzed using pepsin or pancreatin increased with reaction time (Table 1) . Although the hydrolysate obtained using pepsin showed a relatively low activity, the antioxidant activity of gelatin hydrolyzed by pepsin increased by 16 .9% compared to that of the control (3.1%). Further hydrolysis using pancreatin induced greater pepsin activity and their activities were 53.2% and 69.3%, corresponding to 66.5 and 87.8 µM of GE for 24 and 48 h of hydrolysis, respectively. Therefore, gelatin could be used as a natural substance during ingestion. Our results are consistent with those of previous studies (Kim et al., 2013) that showed that low molecular weight pig skin gelatin hydrolysates obtained using flavourzyme had higher activity than pig skin powder. To support this result, we employed other assays such as DPPH and ORAC. 
DPPH assay
The DPPH assay for free radical-scavenging activity was selected to confirm the high ABTS activity. This assay has also been widely used because of its simple procedure (Que et al., 2006) . Similar to the results for ABTS activity, DPPH radical-scavenging activity increased with enzyme treatment ( Table 2 ). The activity was 16.7%, 59.6%, and 61.5% for each enzyme, pepsin for 3 h, pepsin plus pancreatin treatment for 24 h and pepsin plus pancreatin treatment for 48 h, respectively. Unlike our result, DPPH activity from porcine collagen hydrolysate showed the low activity as a 13.4% for pepsin treatment during 24 h and showed 27.0% for successive pancreatin treatment after pepsin during 24 h (Li et al., 2007). Another study was also similar (Ao and Li, 2012) . They reported that the antioxidant activity showed 12.5% by pepsin treatment for 24 h and about 22% by pancreatin treatment for 24 h after pepsin for 24 h.
On the other hand, DPPH activity of gelatin hydrolysates in this study was similar to those for ABTS activity (Table 2) . A difference was observed between the GE values for DPPH and ABTS activity. Although the DPPH activity, which has been expressed in terms of percentage, was as high as the ABTS activity, the GE values for the ABTS assay were at least 4 or 5 fold higher than those for DPPH activity. The GE values of DPPH activity corresponded to 4.8, 14.1, and 14.5 µM, respectively. The higher radical-scavenging activities for the ABTS assay compared to those for the DPPH assay in the present study may be attributable to the type of sample, which consists of either hydrophobic or hydrophilic compounds. Similar results have been reported by Kim et al. (2013) , in which higher activity was observed using the ABST assay compared to that obtained using DPPH. It is possible to detect not only the hydrogen-donating antioxidant but also chainbreaking antioxidant activity and to measure both of the water-and oil-soluble phases in the ABTS assay compared to the DPPH method. Thus, although the DPPH method allows simple and rapid measurement of radical-scavenging activity, the limitations may also be observed with respect to colour interference and sample solubility (Oboh et al., 2010) .
ORAC assay
The ORAC assay is a classic tool for measuring the oxygen radical absorbance capacity of an antioxidant. This method is highly sensitive and accurate in detecting oxygen radicals in various compounds, food, and other bio- logical samples (Prior et al., 2003) . In the present study, various concentrations of trolox, which is a water-soluble derivative of vitamin E, were used as the standard. The antioxidant activity, as measured using the ORAC-FL kit, showed a 12.3 µM TE value after pepsin treatment, which increased 24 h after subsequent treatment with pancreatin. Unlike the ABTS results, the highest antioxidant activity was observed after 24 h of incubation with pancreatin treatment after pepsin digestion. The concentration corresponding to trolox was 45.7 µM (Table 3 ). The decrease in antioxidant activity at 48 h may be attributable to peptides generated by gastrointestinal enzymes being hydrolyzed into smaller peptides, thus inducing lower antioxidant activity. In contrast, the antioxidant activity measured using the ABTS or DPPH tool increased or was of the same value until 48 h. This observation may be attributable to differences in the methods used to detect the antioxidant compounds in gastrointestinal hydrolysates. Because these three tools widely use to determine the antioxidant activity in food protein (Ao and Li, 2012; Li et al., 2007; Nimalaratne et al., 2011) , the use of these tools in present study is suitable to detect the antioxidant activity in gelatin hydrolysates obtained by pepsin and pancreatin treatment. Therefore, if the antioxidant activity in gelatin hydrolysate through these tools is present, it indicates that gelatin hdyrolysate has an antioxidant activity. As for ABTS assay, the antioxidant allows the reduction of pre-formed radical ABTS +· generated by oxidation of ABTS after reaction of the potassium persulfate. Therefore, if the concentration of the antioxidant in sample is high, the reduction will be increased (Re et al., 1999) indicating that the radical scavenging effect is present. In the case of DPPH assay (Mark and Alger, 1997) , it shows the similar mechanism to that of ABTS assay for antioxidant activity. Regarding ORAC assay which is based on the oxi- 
Conclusions
This study investigated the antioxidant activity of hydrolysates in porcine gelatin by using the ABTS, DPPH, and ORAC-FL assays. High antioxidant activity was observed 24 h after gastrointestinal enzyme treatment. The results of this study showed that the hydrolyzed gelatin during digestion could be used as a natural antioxidant substance (or peptide) to prevent oxidative damage. However, further studies on the isolation and identification of the antioxidant peptide using MS analysis and similar analytical tools are warranted.
Acknowledgements
The author, Oun Ki Chang, is a post-doctoral researcher in 2013 Post-Doctoral Fellowships project of the National Institute of Animal Science, Rural Development Administration, Republic of Korea. This work supported by a grant (PJ00858502) of the National Institute of Animal Science. 
